Introduction
============

Macroautophagy (hereafter referred to as autophagy) is a stress-induced adaptation process and is required for the long-term survival of eukaryotic cells. During autophagic process, double-membrane structures sequester portions of cytoplasm, and are known as autophagosomes; these autophagosomes fuses with lysosomes leading to formation of autolysosomes, and this results in bulk degradation. Autophagy leads to the elimination of damaged or harmful cellular components, out of which some are recycled to maintain nutrient and energy homeostasis. Thus, autophagy is important in the maintenance of cells in a healthy state.[@R1]^-^[@R3] In addition, autophagy also plays a role in the regulation of a variety of cellular processes that include cell growth, development, and homeostasis.[@R4] It is further being recognized as a participant in programmed cell death.[@R5]^-^[@R7] Growing evidence now links deregulated autophagy with many human pathophysiologies including cancer, neurodegeneration, and age-associated disorders.[@R8]^-^[@R10] Therefore, the identification of regulatory mechanisms of autophagy machinery continues to be an important and evolving field.

Autophagy is a highly conserved process and its regulation is complex.[@R11] Over the past decade, various proteins have been characterized as positive or negative regulators of autophagy.[@R12] Pathways modulated by molecules such as phosphatidylinositol 3-kinase, mechanistic target of rapamycin (MTOR), GTPases, and calcium, play important roles in regulating autophagy. Autophagy is suppressed by MTOR activation (mediated by AKT and MAPK \[mitogen-activated protein kinase\] signaling), whereas negative regulators of MTOR like AMPK (AMP-activated protein kinase) and the TP53 signaling pathway promote autophagy.[@R13]^,^[@R14] Furthermore, the phosphatidylinositol 3-kinase complex that contains autophagy-related (ATG) proteins or UVRAG (UV radiation-resistance associated), is required for the induction of autophagy. Also, important roles for the proteins encoded by the autophagy-related (*Atg*) genes (essential proteins of the autophagic machinery) have been well characterized in the regulation of autophagy.[@R12]^,^[@R15]

Interestingly, a growing amount of evidence also suggests that autophagy may be controlled by apoptosis, and extensive crosstalk exists between autophagy and apoptosis.[@R16]^,^[@R17] For instance, regulators of apoptosis, that include BCL2 family members (BCL2, BCLXL,[@R18]^,^[@R19] and BAX[@R20]^,^[@R21]) can regulate autophagy; proteins involved in autophagy, such as ATG5, BECN1/Beclin 1 and ATG7, can also modulate apoptosis.[@R7]^,^[@R22]^,^[@R23] Furthermore, CASP (caspase) proteins, cysteine-rich proteases that play a major role in the apoptotic process, also regulate autophagy.[@R24] For example, loss of CASP8 results in autophagic cell death,[@R24] whereas CASP9 acts as a positive regulator of autophagy.[@R25] Recently, studies from our lab identified CASP2 in the modulation of the autophagic response of neurons during mitochondrial oxidative stress.[@R26] Interestingly, our data also indicated a role for CASP2 in the regulation of autophagy in the absence of an external stressor. These observations led us to ask whether CASP2 can modulate autophagy under normal as well as stress conditions and, if so, dissect out molecular mechanisms involved in this modulation.

CASP2, the most conserved member of the CASP family, is best known for its role as a regulator of apoptosis.[@R27]^,^[@R28] CASP2 initiates apoptosis during various stress conditions that include oxidative stress,[@R26] cytoskeleton disruption,[@R29] and heat shock (HS).[@R30] In addition to its role in apoptosis, evidence suggests a potential role for CASP2 in nonapoptotic processes, including cell cycle regulation,[@R31] DNA repair,[@R32] lipid sensing,[@R33] tumor suppressor,[@R34] metabolic regulation,[@R35] and regulation of oxidant levels in cells.[@R36] Previously, our lab demonstrated that the loss of CASP2 results in accumulation of oxidatively damaged proteins.[@R37] These observations have recently been confirmed by Kumar and colleagues, where they also define the mechanism of reactive oxygen species (ROS) generation resulting from loss of CASP2. Their study identifies that the loss of CASP2 results in modulation of FOXO3 (forkhead box O3) signaling thereby leading to downregulation of the antioxidant enzyme SOD2 (superoxide dismutase 2, mitochondrial) and an increase in ROS (superoxide) levels.[@R36] The present study identifies a novel nonapoptotic role for CASP2, as a negative regulator of autophagy. CASP2-mediated regulation of ROS played an important role in autophagy regulation. This finding contributes to the further understanding of a complex homeostatic regulation whereby CASP2 and autophagy are interconnected and may play a role in determining the outcome of various normal and pathological processes.

Results
=======

Loss of CASP2 upregulates endogenous levels of autophagy under normal conditions
--------------------------------------------------------------------------------

Our previous study demonstrated that CASP2 modulates the autophagic response against mitochondrial oxidative stress in primary neurons.[@R26] Of note, we also observed that even the basal level of autophagy was higher in the primary neurons cultured from *Casp2* knockout (*casp2*^−/−^) mice compared with wild type (WT). These data raised an interesting possibility that CASP2 may play a role as a negative regulator of autophagy even under normal (i.e., in the absence of an external stressor) conditions. Therefore in the present study we investigated a role for CASP2 as a modulator of autophagy under normal conditions (in the absence of external stressors) and the underlying mechanism involved. Since mouse embryonic fibroblasts (MEFs) are a good model system to perform mechanistic studies, we used cultures of MEFs derived in our lab from WT and *casp2^−/−^* mice and examined endogenous (basal) levels of autophagy. Autophagy was monitored following different approaches (as recommended by Klionsky et al).[@R38] First, the conversion of microtubule-associated protein 1 light chain 3 (LC3)-I to LC3-II, a marker for autophagosome formation and the expression level of the SQSTM1/p62 protein, which is degraded by autolysosomes and serves as a marker for autophagic flux,[@R38] were determined by western blotting. Cells lacking *Casp2* maintained significantly higher levels of LC3-II and lower levels of SQSTM1 than the WT cells ([Fig. 1A](#F1){ref-type="fig"}, ratio between LC3-II and SQSTM1 is demonstrated in [Fig. 1B](#F1){ref-type="fig"}), suggesting that the loss of CASP2 led to upregulation of autophagy. Furthermore, no significant change was observed in the *Sqstm1* mRNA level between WT and *casp2^−/−^*, suggesting that the downregulation of SQSTM1 observed at the protein level was not due to downregulation of *Sqstm1* mRNA ([Fig. 1C and D](#F1){ref-type="fig"}).

![**Figure 1.** Loss of CASP2 upregulates endogenous levels of autophagy in unstressed cells. (**A**) Western blot analysis of LC3 (an increase in LC3-II indicates an increase in autophagosome formation) and SQSTM1 to determine autophagic flux in cell lysates prepared from 4 different batches of WT and *casp2*^−/−^ MEFs (loaded in separate lanes 1 to 4) cultured in complete medium in the absence of stressors. The same blots were reprobed with tubulin, α (TUBA) as a loading control. Shown are the representative blots. The experiment was repeated at least 3 times. (**B**) Densitometry was performed to determine the level of expression using ImageJ analysis. A ratio of expression levels of LC3-II/SQSTM1 as a % of tubulin, α as determined by densitometric analysis demonstrates autophagic flux. Error bar represents ± SEM. Statistical significance was determined by the Student *t* test. n = 4, \*\**P* ≤ 0.01, *\*P* ≤ 0.05. (**C and D**) The *Sqstm1* mRNA levels were determined in the cell lysates prepared from 3 different batches of WT and *casp2*^−/−^ MEFs (loaded in separate lanes 1 to 3); *Gapdh* served as the experimental control. (**D**) Densitometry was performed to determine the level of expression as % of the control using ImageJ. Error bar represents ± SEM. Statistical significance was determined by the Student *t* test. n = 3, \**\*P* ≤ 0.01, *\*P* ≤ 0.05. (**E--H**) Cells (WT and *casp2*^−/−^ MEFs) were treated with PepA (1 µM) and EST (10 µM) (inhibits lysosomal proteases) for the indicated times to determine autophagic flux. (**E and F**) Cells were stained with LC3 antibody (green), LysoTracker Red (red, to detect lysosomes) and Hoechst 33258 (blue, to detect nuclei) and analyzed by confocal microscopy. (**E**) Confocal microscopy analysis of LC3 puncta (determines autophagosomes) and colocalization with LysoTracker Red (stains lysosomes, yellowing due to colocalization of red and green) (determines autolysosomes) in WT and *casp2*^−/−^ MEFs. Shown are the representative confocal images (60x with 2 times optical zoom). (**F**) Quantification of the confocal images for the cells carrying more than 10 LC3 puncta per cell (both autophagosomes and autolysosomes) as a % of the total number of cells counted. At least 150 to 200 cells were counted for each set; n = 3. Error bar represents ± SEM. Statistical significance was determined by performing 2-way ANOVA. \**\*P* ≤ 0.01, *\*P* ≤ 0.05. The experiment was repeated at least 3 times. (**G**) Western blotting for LC3 to detect autophagic flux as described earlier. LC3-II/LC3-I ratios were determined by probing the blot with an antibody specific to LC3, GAPDH was used as loading control. Shown are the representative blots. (**H**) Densitometric analysis to determine expression levels indicates LC3-II/LC3-I ratio as % of loading control (GAPDH). Error bar represents ± SEM. Statistical significance was determined by the Student *t* test. \**\*P* ≤ 0.01, *\*P* ≤ 0.05. (**I**) Long-lived protein degradation assay to determine autophagic flux. WT and *casp2*^−/−^ MEFs were untreated, treated with EST+PepA or starved (medium was replaced by HBSS containing calcium and magnesium). Long-lived protein degradation % of control was calculated as described in the Materials and Methods section. Error bar represents ± SEM. Statistical significance was determined by performing 2-way ANOVA. n = 4, \**\*P* ≤ 0.01, *\*P* ≤ 0.05.](auto-10-1054-g1){#F1}

Next, we investigated whether elevation of LC3-II in the absence of CASP2 was a result of increased initiation and progression of autophagy or defective autophagosome-lysosome fusion or degradation.[@R39] The cells were treated with lysosomal protease inhibitors pepstatin A (PepA) and EST (to prevent degradation within autolysosomes) at different time points and autophagy was assessed by monitoring colocalization of LC3 with the lysosomal marker (LysoTracker Red) by confocal microscopy as well as western blotting for LC3 ([Fig. 1E--H](#F1){ref-type="fig"}). Lysosomal protease inhibitors further enhanced the loss of CASP2-triggered accumulation of autophagosomes (an increase in number and size of LC3 puncta \[green\]), as well as an accumulation of autolysosomes (colocalization of LC3 with lysosomes) as compared with the WT cells ([Fig. 1E](#F1){ref-type="fig"}). Interestingly, the size of accumulated autophagosomes and autolysosomes was also exacerbated in *casp2^−/−^* MEFs compared with the WT cells ([Fig. 1E](#F1){ref-type="fig"}). Similarly, western blotting for LC3 demonstrated that the lysosomal protease inhibitors further increased the loss of *Casp2*-triggered induction of LC3-II in a time-dependent manner ([Fig. 1G and H](#F1){ref-type="fig"}). These findings were further confirmed by expressing a tandem mCherry-GFP-tagged LC3 chimera in WT and *casp2^−/−^* MEFs, which enabled simultaneous quantification of autophagosome induction (GFP + mCherry) LC3 puncta and autolysosome maturation (mCherry single-positive puncta due to the sensitivity of GFP to acidic pH). Significantly higher numbers of both autophagosomes and autolysosomes were observed in *casp2^−/−^* MEFs compared with the WT in the presence of LY294002, an early-stage autophagy inhibitor (data not shown).

We also assessed autophagic flux by measuring the rate of turnover of long-lived proteins that are normally metabolized via autophagy by measuring the release of TCA-soluble \[^14^C\]valine from cells. Lysosomal protein degradation was estimated by measuring \[^14^C\]valine release from cells treated with and without EST+PepA as well as during starvation, a classical inducer of autophagy ([Fig. 1I](#F1){ref-type="fig"}). In *casp2^−/−^* cells, protein degradation was significantly higher than that observed in WT MEFs. Also, after starvation, the *casp2^−/−^* cells still exhibited significantly higher activity compared with the WT, whereas in the presence of EST+PepA, protein degradation was significantly inhibited and no significant difference was observed between *casp2^−/−^* and WT cells ([Fig. 1I](#F1){ref-type="fig"}).

To further confirm a role for CASP2 in regulation of autophagy, we employed 2 different approaches: i) *Casp2* was knocked down in the WT cells using a prevalidated specific short interfering (si) RNA against *Casp2*, and ii) *Casp2* (expressing normal and catalytically inactive mutant at C303), was reinserted in *Casp2*-deficient cells using a plasmid vector pcDNA3. Western blotting for LC3 was performed to detect autophagy ([Fig. 2A--D](#F2){ref-type="fig"}). Knockdown of *Casp2* resulted in an upregulation of autophagy as indicated by an increase in LC3-II levels ([Fig. 2A and B](#F2){ref-type="fig"}). Conversely, reinsertion of CASP2 (both normal and active site mutant: cysteine \[C303\] is mutated to alanine) inhibited autophagy, confirming a role for CASP2 as a negative regulator of autophagy, which was independent of the presence of the catalytic active site (C303) ([Fig. 2C and D](#F2){ref-type="fig"}).

![**Figure 2.***Casp2* knockdown or reinsertion can modulate autophagy. (**A and B**) WT MEFs were transiently transfected with prevalidated siRNA against *Casp2*. (**C and D**) *casp2*^−/−^ MEFs were transiently transfected with *Casp2* expression vector. (**A and C**) Western blot demonstrating the expression of CASP2 and autophagy was detected by determining the levels of LC3-II. The same blots were reprobed for determining tubulin, α (TUBA) levels that served as loading control. Shown are the representative blots. (**B and D**) Densitometric analysis for the level of expression was performed using ImageJ analysis. Expression levels of LC3-II were normalized by tubulin, α and expressed as LC3-II levels, as % of loading control. Each experiment was repeated at least 3 times. Error bar represents ± SEM. Statistical significance was determined by the Student *t* test. \**\*P* ≤ 0.01, *\*P* ≤ 0.05. (**E**) Fluorescence confocal microscopy analysis mice of cerebellar sections from GFP-LC3 transgenic mice crossed with WT and *casp2*^−/−^ mice. Images were acquired at 60X magnification. At least 12 to 13 images were analyzed to detect LC3 puncta formation that indicates autophagy. Shown is the percent of cells with more than 8 detectable LC3 puncta per image. Level of significance was determined by performing the Student *t* test, n = 12 images from 2 different mice. *\*P* \< 0.01. (**F**) Primary culture from astrocytes, neurons, and osteoclasts were established from WT and *casp2*^−/−^ mice. The protein samples were prepared and western blotting for LC3 was performed to detect autophagy. Western blots for LC3 levels (an increase in LC3-II indicates an increase in autophagy) in *casp2*^−/−^ cells compared with the WT. The same blots were reprobed for GAPDH that served as the protein loading control.](auto-10-1054-g2){#F2}

We next examined the extent of autophagy in tissue sections obtained from crossing green fluorescent protein (GFP)-LC3 mice with WT and *casp2^−/−^* mice. As shown in [Figure 2E](#F2){ref-type="fig"}, *casp2^−/−^* brain sections (cortex) showed a significantly higher number of cells with GFP-LC3 puncta (green), indicating higher autophagy compared with WT brain sections. Higher autophagy was also observed in other tissues including liver and kidney (data not shown). Furthermore, we also assessed autophagy in primary cultures of different cell types from WT and *casp2^−/−^,* and autophagy was monitored by determining the levels of LC3. Higher levels of autophagy were observed in *casp2^−/−^* cell types compared with the WT ([Fig. 2F](#F2){ref-type="fig"}). Thus, data from our lab suggest that loss of CASP2 upregulates autophagy in a variety of cell or tissue types. Further detailed analysis on other tissue and cell types is required to determine the generality of our findings.

CASP2 levels are not regulated by autophagy
-------------------------------------------

Since we observed that CASP2 functions as a negative regulator of autophagy, we also examined whether CASP2 levels were modulated by autophagy upregulation. WT MEFs were treated with an autophagy inducer (rapamycin) as well as an early and a late stage inhibitor of autophagy. Western blotting was performed to determine the levels of CASP2 and the same blots were probed with LC3 antibody (to detect autophagy) to validate the effectiveness of the inhibitors or autophagy inducer ([Fig. S1](#SUP1){ref-type="supplementary-material"}). Enhancement of autophagy or inhibition of autophagy at an early or late stage did not modulate the levels of CASP2 ([Fig. S1A](#SUP1){ref-type="supplementary-material"}). In addition, there was no change in the levels of cleaved forms of CASP2 (indicating CASP2 activation) that corroborated our data demonstrating no change in CASP2 activity (determined by a CASP2 activity assay) upon enhancement or inhibition of autophagy (data not shown). Furthermore, immunocytochemistry data also indicated a lack of colocalization between CASP2 with LC3 puncta (determined by Pearson Coefficient) under normal conditions as well as during autophagy induction ([Fig. S1B](#SUP1){ref-type="supplementary-material"}). These results indicated that although CASP2 plays a role in the modulation of autophagy under normal conditions, autophagy does not regulate the levels of CASP2 in the absence of external stressors.

AMPK and MTOR are involved in CASP2-modulated autophagy
-------------------------------------------------------

Autophagy is controlled by several kinases including MTOR, which suppresses autophagy[@R40] and AMPK, which induces autophagy.[@R41] Western blotting results indicated that in *casp2^−/−^* cells, PRKAA/AMPKα was hyperphosphorylated (which indicates AMPK activation), whereas MTOR as well as its substrates RPS6KB/p70~S6K~ and EIF4EBP1/4-EBP1 were hypophosphorylated (which reflects MTOR inhibition) compared with WT MEFs ([Fig. 3A and B](#F3){ref-type="fig"}). Also, siRNA-mediated depletion of PRKAA1/AMPKα1 and PRKAA2/AMPKα2 inhibited autophagy in *casp2^−/−^* cells suggesting an involvement of PRKAA in loss of CASP2-mediated autophagy ([Fig. 3C](#F3){ref-type="fig"}). Inhibition of MTOR with rapamycin eradicated the difference in autophagy between the WT and *casp2^−/−^* cells as determined by western blotting for LC3 ([Fig. 3D](#F3){ref-type="fig"}). These results suggest that the loss of CASP2-mediated upregulation of autophagy involves an MTOR-AMPK-dependent pathway.

![**Figure 3.** Role of AMPK and MTOR in the CASP2-mediated modulation of autophagy. (**A**) Western blotting was performed to detect the phosphorylation status of PRKAA, MTOR, RPS6KB, and EIF4EBP1 vs. total (unphosphorylated) protein in WT and *casp2*^−/−^ MEFs. The same blots were reprobed for GAPDH or tubulin, α (TUBA) that served as loading controls. (**B**) Densitometric analysis was performed using ImageJ to determine the expression levels of active (phosphorylated) vs. total (unphosphorylated) PRKAA, MTOR, RPS6KB and EIF4EBP1 and the values are expressed as active vs. total and the values were further normalized as percent of loading control. Error bar represents ± SEM. Statistical significance was determined by the Student *t* test. \*\*, *P* ≤ 0.01, \*, *P* ≤ 0.05, NS, *P* ≥ 0.05, the experiment was repeated 3 times. (**C**) *casp2*^−/−^ MEFs were transfected with siRNAs specific for *Prkaa1* and *Prkaa2*. The representative western blot demonstrates the efficiency of siRNA-mediated downregulation of PRKAA1 and PRKAA2, as assessed by western blot analysis. Western blotting for LC3 demonstrates the effect of *Prkaa1* and *Prkaa2* siRNA on loss of CASP2-mediated autophagy. (**D**) Effect of 500 nM rapamycin (inhibitor of MTOR) on autophagy in WT and *casp2*^−/−^ MEFs. Autophagy was detected by LC3 (an increase in LC3-II levels). Shown are the representative blots; the experiment was repeated at least 3 times.](auto-10-1054-g3){#F3}

To further assess the involvement of the canonical pathway of autophagy,[@R42] we utilized *atg5^−/−^* and *atg7^−/−^* MEFs with their respective WT controls. *Casp2* was selectively silenced using prevalidated siRNAs, followed by western blot analysis for LC3 (I and II) levels to assess autophagy ([Fig. 4](#F4){ref-type="fig"}). Interestingly, loss of CASP2 induced autophagy in WT MEFs but did not induce autophagy in cells lacking ATG5 and ATG7, indicating an involvement of ATG5 and ATG7 in loss of CASP2-induced autophagy ([Fig. 4A and B](#F4){ref-type="fig"}). It is important to mention that siRNA-mediated depletion of *Atg5* or *Atg7* was not sufficient to inhibit loss of CASP2-mediated autophagy (data not shown), suggesting that even a lower level of ATG5 and ATG7 was sufficient to mediate autophagy induced by loss of CASP2.

![**Figure 4.** Role of ATG5 and ATG7 in loss of *Casp2*-induced autophagy. (**A**) *atg5^−/−^* and *Atg5^+/+^* MEFs, and (**B**) *atg7^−/−^* and *Atg7*^+/+^ MEFs were treated with prevalidated siRNA against *Casp2*. Western blotting was performed to validate the efficiency of the siRNA by probing the blots for protein levels of CASP2. Modulation of autophagy was detected by determining LC3 levels (LC3-I and LC3-II). The same blots were probed for ATG5 or ATG7 to confirm the genotype and tubulin, α (TUBA) that served as a loading control. Shown is a representative blot. Each experiment was repeated at least 3 times.](auto-10-1054-g4){#F4}

Role of MAPK in CASP2-mediated regulation of autophagy
------------------------------------------------------

To identify other mediators involved in autophagy induced by loss of CASP2 further studies were conducted. Regulation of autophagy by the members of the MAPK family, including MAPK1/ERK2 (mitogen-activated protein kinase 1) and MAPK3/ERK1, MAPK11/12/13/14 (p38 β, γ, δ and α, respectively) and MAPK8/9/10 (JNK1/2/3, respectively) has been documented.[@R43]^-^[@R47] Furthermore, previous reports have identified a regulatory association between CASP2 and MAPKs.[@R48]^-^[@R52] Thus, we studied the involvement of MAPK pathways in CASP2-mediated autophagy regulation. First, constitutive levels of activation for MAPK1/3, MAPK14, and MAPK8/9 were determined in WT and *casp2^−/−^* cells by performing western blotting for their active (i.e., by detecting their phosphorylation status) vs. total forms ([Fig. 5A--F](#F5){ref-type="fig"}). Western blotting results demonstrated that *casp2^−/−^* cells maintained significantly lower levels of active MAPK14 ([Fig. 5A](#F5){ref-type="fig"}) and a significantly higher level of active MAPK1/3 than the WT MEFs ([Fig. 5B](#F5){ref-type="fig"}). No significant differences were observed in the levels of active MAPK8/9 between WT and *casp2^−/−^* MEFs ([Fig. 5C](#F5){ref-type="fig"}). To identify the role of these MAPKs in regulation of autophagy due to loss of CASP2, WT and *casp2^−/−^* MEFs were treated with SP600125 (MAPK8/9/10 inhibitor), SB203580 (MAPK14 inhibitor) and U0126 (an inhibitor of MAP2K1/2 \[MEK1/2\], and also a MAPK1/3 inhibitor) and autophagy was assessed. Western blotting for LC3 was performed to detect changes in autophagy ([Fig. 5D](#F5){ref-type="fig"}). There was no significant effect of MAPK8/9 inhibition on loss of CASP2-induced autophagy. Whereas, exposure of MEFs to U0126 reduced the total levels of LC3 protein and LC3-I to LC3-II conversion in *casp2^−/−^* MEFs; the levels of LC3-I and LC3-II were brought back to the levels observed in the WT controls. Interestingly, the MAPK14 inhibitor did not induce any further change in autophagy in *casp2^−/−^* cells, whereas it upregulated autophagy in the WT, similar to *casp2^−/−^* control cells. An involvement of MAPK1/3 and MAPK14 in loss of CASP2-mediated autophagy was further confirmed by performing experiments using siRNA against *Mapk1/3* and *Mapk14* ([Fig. S2](#SUP1){ref-type="supplementary-material"}). These results indicate a possible involvement of MAPK1/3 activation and downregulation of MAPK14 in loss of CASP2-mediated autophagy.

![**Figure 5.** Role of MAPKs in CASP2-mediated modulation of autophagy. (**A--F**) Protein lysates were prepared from different batches of WT and *casp2*^−/−^ MEFs (loaded in separate lanes 1 to 3 or 1 and 2 for MAPK8/9), cultured in complete medium in the absence of stressors. Western blotting was performed to detect the levels of active (phosphorylated) and total (non-phosphorylated) MAPKs using specific antibodies against (**A**) p-MAPK1/3, MAPK1/3 (**C**) p-MAPK14, MAPK14 and (**E**) p-MAPK8/9, and MAPK8/9 as described in the Materials and Methods. The same blots were reprobed for tubulin, α (TUBA) that served as a loading control. Shown are the representative blots. (**B, D, and F**) Densitometric analysis was performed using ImageJ to detect the expression levels. Y-axis represents expression levels of active vs. total MAPK as percent of the loading control. Error bar represents ± SEM. Statistical significance was determined by the Student *t* test, comparing WT vs. *casp2*^−/−^. \*\*, *P* ≤ 0.01, \*, *P* ≤ 0.05, NS, *P* ≥ 0.05, experiments repeated at least 3 times. (**G**) Effects of MAPK inhibitors: SP600125 (10 µM), SB203580 (10 µM), and U0126 (20 µM) on CASP2-mediated autophagy modulation. WT and *casp2*^−/−^ MEFs were incubated with these inhibitors for 24 h followed by PepA (1 µM) and EST (10 µM) treatment for 6 h to determine autophagy flux. Autophagy was detected by western blotting to determine the levels of LC3 (LC3-I and LC3-II). GAPDH was used as a loading control. Shown is a representative blot, the experiment was repeated 3 times.](auto-10-1054-g5){#F5}

Loss of CASP2 promotes ROS generation and oxidative stress that leads to increased autophagy
--------------------------------------------------------------------------------------------

We, along with others, have reported that the loss of CASP2 is associated with higher ROS generation and accumulation of oxidative stress;[@R36]^,^[@R37] oxidative stress has been associated with an increase in autophagy.[@R53]^-^[@R55] Thus, we investigated a possible link between the higher levels of oxidative stress in *casp2*^−/−^ cells as a cause of higher autophagy. First, basal levels of ROS (mainly peroxides and superoxide), protein carbonylation (proteins are carbonylated during oxidative stress) and lipid peroxidation (western blotting for 4-HNE) were measured in WT and *casp2*^−/−^ MEFs. In accordance with previous findings, our results demonstrate that *casp2*^−/−^ cells maintained significantly higher basal levels of ROS (both superoxide and peroxide) ([Fig. 6A and B](#F6){ref-type="fig"}) as well as protein carbonylation ([Fig. 6D](#F6){ref-type="fig"}) than the WT cells. However, no significant difference was observed in the levels of mitochondrial superoxide levels and 4-HNE staining between WT and *casp2*^−/−^ cells (data not shown). Next, the role of enhanced oxidative stress/ROS content in autophagy modulation was determined in the WT and *casp2*^−/−^ cells. A previous study by Chen et al (2009) identifies that superoxide but not peroxide plays an important role in the modulation of autophagy.[@R56] Thus, to distinguish between the 2 (superoxide and peroxide), we used inhibitors of peroxide as well as superoxide. WT and *casp2*^−/−^ MEFs were treated with peroxide inhibitors (2.5 mM N-acetyl cysteine/NAC and 5 mM glutathione/GSH), or superoxide inhibitors (2.5 mM Tempol and10 µM Mn-CPX-3) and the extent of autophagy was determined ([Fig. 6C](#F6){ref-type="fig"}). Scavenging of peroxide production resulted in only a marginal (not significant) inhibition of autophagy in the *casp2*^−/−^ cells but not in the WT cells; whereas treatment with superoxide scavengers brought the level of autophagy in the *casp2^−/−^* cells to normal levels (similar to the WT levels) with no apparent change in the WT cells. These results indicated an important role for superoxide in CASP2-mediated modulation of autophagy.

![**Figure 6.** Involvement of ROS in CASP2-mediated modulation of autophagy. WT and *casp2*^−/−^ MEFs were loaded with (**A**) CM-H~2~DCFDA (25 µM for 30 min) to detect peroxide levels (by measuring DCF intensity) and (**B**) HE (10 µM for 30 min) to detect superoxide levels, as described in the Materials and Methods section. Mean fluorescence (of DCF or HE) was detected in a spectrofluorimeter and values were normalized by nuclear content (mean Hoechst 33258 fluorescence or protein concentration). Shown are the mean DCF intensities normalized by nuclear content (Hoechst 33258 mean intensity) ± SEM values, n = 6. The experiment was repeated 3 times with different set of MEFs obtaining similar results. Asterisk (\*) represents *P* values ≤ 0.05 obtained by performing the Student *t* test. (**C**) Effect of antioxidants on the endogenous levels of autophagy in WT and *casp2*^−/−^ MEFs. Cells were treated with different antioxidants for 48 h (GSH, NAC to inhibit peroxide and Tempol and Mn-CPX-3 to inhibit superoxide), followed by EST and PepA treatment for 6 h before the completion of the 48 h (to determine the flux). Western blotting was performed to detect LC3 levels (LC3-I and LC3-II). The blots were normalized by reprobing the same blot with tubulin, α (TUBA) antibody. Shown are the representative blots and the experiment was repeated 3 times. (**D and E**) Protein carbonylation in WT and *casp2*^−/−^ MEFs in the presence or absence of PepA (1 µM) and EST (10 µM) (late stage autophagy inhibitors) for 6 h. (**D**) Western blot detection of carbonyl groups was performed after derivatization of the samples with 2,4-dinitrophenylhydrazine. The same blot was reprobed for GAPDH as a loading control. Shown is a representative blot. (**E**) Densitometric analysis to determine level of protein carbonylation was performed using ImageJ analysis. Protein carbonylation levels are shown as a percent of loading control. Error bar represents ± SEM. Statistical significance was determined by the Student *t* test. \**\*P* ≤ 0.01, *\*P* ≤ 0.05. The experiment was repeated at least 3 times.](auto-10-1054-g6){#F6}

A role for autophagy has not only been suggested in removal of oxidative damage but also in the enhancement of ROS levels in certain cases.[@R57]^,^[@R58] Thus, we investigated whether enhanced autophagy is a cause or a consequence of ROS in *casp2*^−/−^ cells by studying protein carbonylation (as a measurement of oxidative stress) in cells treated with autophagy inhibitors. Inhibition of autophagy resulted in higher accumulation of oxidized proteins in *casp2*^−/−^ compared with WT cells, suggesting a role for enhanced autophagy in removal of the damaged/oxidized protein instead of causing enhanced ROS/oxidative damage ([Fig. 6D](#F6){ref-type="fig"}).

Increased ROS production following loss of CASP2 occurs upstream of AMPK, MTOR and MAPK1/3 activation
-----------------------------------------------------------------------------------------------------

Loss of CASP2 results in an upregulation of ROS levels. A role for ROS is well established as an upstream mediator of autophagy by modulating activation of AMPK, MTOR, and MAPKs. Thus, we investigated a possible involvement of ROS as an upstream event in loss of CASP2-induced autophagy. Cells were treated in the presence or absence of Tempol and activation of PRKAA, MTOR, and MAPK1/3 was investigated by studying their phosphorylation status ([Fig. 7A](#F7){ref-type="fig"}). In *casp2^−/−^* MEFs, treatment with Tempol resulted in a downregulation of PRKAA and MAPK1/3 phosphorylation levels and an upregulation of MTOR phosphorylation compared with the control. In contrast, in WT MEFs Tempol treatment had no significant effect on the phosphorylation status of PRKAA, MAPK1/3, or MTOR.

![**Figure 7.** Role of ROS as an upstream event to AMPK, MTOR, and MAPK1/3 in the CASP2-mediated modulation of autophagy. (**A**) WT and *casp2*^−/−^ MEFs were treated in the presence or absence of Tempol for 48 h and cell lysates were prepared. Western blotting was performed to detect the phosphorylation status of PRKAA, MTOR, RPS6KB, and MAPK1/3 vs. total in WT and *casp2*^−/−^ MEFs. The same blots were reprobed for tubulin, α (TUBA) that served as a loading control. (**B**) WT and *casp2*^−/−^ MEFs were transfected with siRNAs specific for the catalytic *Prkaa1* and *Prkaa2* subunits of *Prkaa*. The representative western blot demonstrates the efficiency of siRNA-mediated downregulation of PRKAA1 and PRKAA2, phosphorylation status of PRKAA, MTOR, RPS6KB, and MAPK1/3 vs. total in WT and *casp2*^−/−^ MEFs. Shown are the representative blots; the experiment was repeated at least 3 times.](auto-10-1054-g7){#F7}

Various reports have suggested a role for AMPK activation as an upstream event to MTOR inactivation. Interestingly, a role for AMPK has also been identified in both MAPK1/3 activation as well as MAPK1/3 inactivation depending upon the cell type and stressor.[@R59]^,^[@R60] Thus, a role for AMPK activation as an upstream event in CASP2-mediated modulation of autophagy was also investigated. Our results demonstrated that siRNA-mediated inhibition of *Prkaa1 and Prkaa2* resulted in an upregulation of MTOR phosphorylation and downregulation MAPK1/3 phosphorylation in *casp2^−/−^* MEFs compared with the controls ([Fig. 7B](#F7){ref-type="fig"}). Furthermore, given a role for MAPK1/3 in regulation of MTOR activation, we also studied MTOR activation in the presence of *Mapk1/3* siRNA. Our results indicated no significant change in the levels of p-MTOR on siRNA-mediated inhibition of *Mapk1/3* (data not shown), suggesting MTOR regulation as a MAPK1/3-independent event in the present context. Together, these results suggest i) an upstream role for CASP2-mediated ROS regulation in modulating autophagy and ii) AMPK activation as an upstream event regulating the activation of MTOR and MAPK1/3 during CASP2-regulated autophagy.

Loss of CASP2 leads to protection from oxidative stress and enhances autophagy compared with the WT
---------------------------------------------------------------------------------------------------

CASP2 is involved in induction of cell death via apoptosis under various conditions including oxidative stress,[@R26]^,^[@R61]^-^[@R63] heat shock,[@R30] and microtubule disruption.[@R29] It has been established that the loss of CASP2 protects cells against theses stressors by the inhibition of apoptosis. Previously, we determined that CASP2 is involved in mitochondrial oxidative stress-induced apoptosis in neurons and the loss of CASP2 improved survival against mitochondrial oxidative stress, by upregulation of autophagy.[@R26] Our data also indicate that *casp2^−/−^* cells maintained higher levels of autophagy than WT in the presence of the classical autophagy-inducer, starvation ([Fig. 1E](#F1){ref-type="fig"}; [Fig. S3](#SUP1){ref-type="supplementary-material"}). Thus, we next asked: 1) whether loss of CASP2 can further upregulate autophagy in the presence of variety of external stressors; and 2) whether CASP2-mediated regulation of autophagy affects survival of the cells in the presence of these external stressors. In order to address these questions, we included a variety of well-established inducers of CASP2-mediated cell death, namely oxidative stress (Rotenone \[Rot\] and hydrogen peroxide \[H~2~O~2~\]), HS, and microtubule disruption (Colchicine \[COLC\]). Appropriate dosages for all stressors were determined by performing cell death assays (data not shown). Treatment with these stressors at their determined effective (apoptosis inducing) concentration induced a higher extent of cell death in WT compared with *casp2^−/−^* MEFs ([Fig. 8C](#F8){ref-type="fig"}). Since apoptosis induction and CASP2 activation are well established under these conditions, we focused on determining the role of CASP2 in autophagy regulation. Using similar concentrations, autophagy was determined by performing western blotting for LC3. Western blotting data demonstrated that the loss of CASP2 resulted in a higher extent of autophagy induction (as indicated by an increase in LC3-II) than the WT in the presence of oxidative stressors ([Fig. 8A](#F8){ref-type="fig"}**, i and ii**) as well as HS ([Fig. 8A](#F8){ref-type="fig"}**, iii**); whereas, no significant difference was observed between the WT and *casp2^−/−^* in autophagy induced by COLC ([Fig. 8A](#F8){ref-type="fig"}**, iv**). Since upregulation of autophagy promotes survival by maintaining the levels of ATP during stress conditions, we further determined the levels of ATP in the presence and absence of the stressor in both the cell types. Our results demonstrated that *casp2^−/−^* cells maintained higher levels of ATP compared with WT in the presence of oxidative stressor and heat shock treatment; whereas, upon treatment within COLC, no significant difference in ATP levels was observed between the WT and *casp2^−/−^* MEFs ([Fig. 8B](#F8){ref-type="fig"}).

![**Figure 8.** Role of CASP2 in regulation of autophagy in the presence of a variety of stressors. (**A**) WT and *casp2*^−/−^ MEFs were untreated or exposed for 6 h to variety of stressors. Rot (10 µM), H~2~O~2~ (750 µM) HS (post-recovery), and COLC (2.5 µM) in the presence of PepA (1 µM) and EST (10 µM) to determine autophagy flux. Protein lysates were prepared and western blotting was performed to detect the levels of LC3, an increase in LC3-II indicated upregulation of autophagy. The same blots were reprobed for GAPDH that served as a loading control. Shown are the representative blots. (**B and C**) WT and *casp2*^−/−^ MEFs where untreated or exposed to Rot (10 µM, 48 h), H~2~O~2~ (750 µM, 24 h), HS (24 h post recovery) and COLC (2.5 µM, 48 h). (**B**) Effect of these stressors on ATP levels was determined. ATP measurements were performed as described in the Materials and Methods section. The cellular ATP levels were normalized by cellular protein content and values were converted to percentage of untreated cells (control). (**C**) WT and *casp2*^−/−^ MEFs cells were treated with stressors as described in the presence or absence of autophagy inhibitor. Cell viability was determined by trypan blue staining as described in the Materials and methods section and shown as percent cell death vs. total. (**B and C**) Level of significance was analyzed by 2-way ANOVA followed by the Bonferroni post-test, n = 3 and *P* ≥ 0.05 NS, \**\*P* ≤ 0.01, *\*P* ≤ 0.05. All the experiments were repeated at least 3 times, obtaining similar results.](auto-10-1054-g8){#F8}

Last, we examined the role of autophagy in mediating cell survival due to loss of CASP2 in the presence of a variety of stressors. Cell viability data indicated that inhibition of autophagy resulted in the loss of survival advantage in *casp2^−/−^* cells against oxidative stress and HS, suggesting a role of upregulated autophagy in promoting survival ([Fig. 8C](#F8){ref-type="fig"}). On the other hand, autophagy inhibition did not influence the extent of cell death in both WT and *casp2^−/−^* cells or eliminate the survival advantage offered by loss of CASP2 in response to COLC ([Fig. 8C](#F8){ref-type="fig"}). Thus, our results indicate that CASP2-mediated modulation of autophagy plays a significant role in protecting against HS and oxidative stress; however, in the case of COLC, autophagy plays no significant role in the modulation of cell death.

Discussion
==========

Autophagy, an adaptation response to stress, can be deleterious if dysregulated[@R4] and has been associated with a variety of pathologies.[@R8]^-^[@R10] Thus, identification of the regulators of the autophagic processes becomes important for understanding pathogenesis of a disease as well as developing therapeutic interventions. In this regard, the present study identifies CASP2 as a negative regulator of autophagy, which is a novel role for this member of the CASP family. Our results demonstrate that the loss of CASP2 leads to an increase in the steady-state basal level of autophagy in different cells types as well as tissues compared with WT. These findings support the emerging role for CASPs, best known for their role in apoptosis, in the regulation of autophagy and supports the idea that the same molecules may be involved in regulation of autophagic and apoptotic processes.[@R7]^,^[@R64]^,^[@R65] A role for CASPs in the regulation of autophagy has been suggested that includes CASP8, CASP9, and CASP3.[@R7]^,^[@R25]^,^[@R66] Lenardo and colleagues have identified a role for CASP8 as a negative regulator of autophagy where inhibition of CASP8 induces autophagic cell death.[@R7] Also, activation of CASP3 downregulates autophagy under a variety of stress conditions and thus promotes apoptosis.[@R67] Conversely, CASP9 promotes cytoprotective autophagy.[@R25] Our results suggest that the loss of CASP2 promotes endogenous autophagy, defining its role as a negative regulator of autophagy similar to CASP8 and CASP3. Conversely, unlike CASP8, loss of CASP2 does not result in loss of cell survival; rather, in the presence of a stressor, upregulated autophagy due to loss of CASP2 promotes survival. Interestingly, CASP8 and CASP3 levels can be regulated by autophagic clearance.[@R65]^,^[@R68] However, in the present study, our data indicated that autophagy upregulation did not affect the levels of CASP2. At this point, we do not know if autophagy regulates levels of active CASP2 in the presence of various stressors, and this needs further investigation. Furthermore, it is important to note that in our study a CASP2 mutant can reconstitute the autophagy regulatory function; whereas, previous reports suggest that this CASP2 mutant cannot restore the apoptotic functions. This suggests that CASP2-mediated modulation of autophagy is independent of its apoptotic function. However, because these processes (autophagy and apoptosis) regulate each other, a possibility that CASP2 can be a link between apoptosis and autophagy cannot be disregarded.

The present study also determined the mechanism by which CASP2 modulates autophagy. Induction of autophagy by the loss of CASP2 involved downregulation of the MTOR pathway and an upregulation of AMPK activation. Although in the present study, a role for CASP2-mediated ROS regulation was identified in AMPK and MTOR regulation, it is still not very clear how loss of CASP2 leads to AMPK activation or inactivation of MTOR. Given that AMPK, a positive regulator of autophagy, and MTOR, a negative regulator of autophagy, are involved in cellular energy homeostasis,[@R13]^,^[@R14] it is interesting to note that the links exist indicating an involvement of CASP2 during energy crises in the cells.[@R35] In this regard, identifying a role for the ATM-STK11/LKB1 pathway that plays an important role in cellular metabolism, in modulation of CASP2-mediated AMPK regulation becomes interesting and forms the basis of future investigation.[@R69]

A role for TP53/TRP53 in the modulation of CASP2 activation and apoptosis induction under various stress conditions is well established.[@R70]^,^[@R71] Moreover, a role for TP53/TRP53 in the regulation of autophagy is emerging; of note inhibition of TP53 leads to upregulation of autophagy in unstressed cells.[@R72]^,^[@R73] Thus we questioned if CASP2-mediated regulation of endogenous levels of autophagy involved a TP53-mediated pathway. However, as shown in the supplementary data ([Fig. S4A](#SUP1){ref-type="supplementary-material"}), nonsignificant differences were observed in the levels of TRP53 or the active form of TRP53 (phosphorylation at serine 15, involved during autophagy) in the presence or absence of CASP2. Interestingly, our results indicate that in the absence of CASP2, the autophagy-inducing effect of a TRP53 inhibitor (Pifithrin α) was highly enhanced compared with WT MEFs, suggesting a synergistic effect on autophagy induction by inhibition of both proteins together (TRP53 and CASP2) ([Fig. S4B](#SUP1){ref-type="supplementary-material"}). These findings suggest that CASP2 and TRP53 may work through different pathways to modulate autophagy; thus, inhibition of CASP2 and TRP53 together leads to a synergistic effect. At the same time, since a positive cross-regulation between CASP2 and TRP53/TP53 exists during a variety of stress conditions,[@R70]^,^[@R71]^,^[@R74] a strong possibility still exists that in the presence of stressors; CASP2-mediated modulation of autophagy might involve a TP53-mediated pathway and needs further investigation.

It has been recognized that in the mammalian system, autophagy can be regulated by an ATG5- and ATG7-dependent pathway, a canonical pathway, or can also follow an alternative noncanonical pathway that is independent of ATG5 and ATG7. Our results demonstrated that CASP2-mediated regulation of autophagy required ATG5 and ATG7; even low levels of ATG5 and ATG7 were sufficient to mediate loss of CASP2-induced autophagy, suggesting an involvement of the canonical pathway of autophagy. In the present study, we further identified a role for MAPKs, specifically MAPK14 and MAPK1/3 in CASP2-mediated regulation of autophagy. Our results demonstrated that *casp2^−/−^* cells maintained lower levels of active MAPK14 and a constitutive upregulation of MAPK1/3 activation. In accordance with our findings, it has been shown that CASP2 is required for activation of MAPK14 under normal conditions.[@R49] Currently, it is not clear how loss of CASP2 results in higher constitutive levels of MAPK1/3 activation. Furthermore, our results demonstrated that MAPK14 downregulation and MAPK1/3 upregulation were involved in enhancing autophagy in cells lacking CASP2, which is in accordance with previous reports suggesting a role for MAPK14 as a negative regulator of autophagy and MAPK1/3 as a positive regulator of autophagy.[@R43]^,^[@R44]^,^[@R46]^,^[@R47]^,^[@R75] Interestingly, it has been suggested that the MAPK1/3 and MAPK14 pathways tightly control autophagy at the maturation stage. It has been proposed that MAPK14 limits constitutive autophagy activity, by reducing the maturation of autophagosomes. Conversely transiently activated MAPK1/3 reaches a critical threshold that might relieve this blockade and stimulate the maturation of autophagosomes.[@R76] Thus in *casp2^−/−^* cells, lower levels of MAPK14 activation and higher levels of MAPK1/3 activation may work together to coordinate autophagy.

In an attempt to delineate a more direct link between CASP2 and autophagy, the present study identified an important role for CASP2-mediated ROS regulation in modulating the levels of autophagy. Previously, our lab along with Kumar and colleagues has demonstrated that CASP2 modulates ROS levels.[@R36]^,^[@R37] A growing amount of evidence indicates an essential role for ROS in the activation of autophagy.[@R53]^-^[@R55] Regardless of whether the outcome of autophagy results in cell survival or death, ROS are invariably involved. Here, we demonstrate an important role for loss of CASP2-mediated ROS upregulation as an upstream event (relative to AMPK and MAPK1/3 activation and upregulation of MTOR activation) in the induction of autophagy. Based on these findings it appears that CASP2-mediated autophagy regulation may be a secondary event to ROS modulation by CASP2. These findings distinguish CASP2-mediated regulation of autophagy from other CASPs that regulate autophagy in a more direct way. However, the possibility of a more direct regulation of autophagy by CASP2 cannot be completely ruled out. Our results further suggest that superoxide but not peroxide levels were mainly involved in loss of CASP2-mediated autophagy. Previously, studies by Gibson and colleagues have determined that superoxide is the major ROS species regulating autophagy.[@R56] Our data is in accordance with these observations and suggest that the endogenous levels of autophagy were regulated by superoxide levels. It is interesting to note that besides a role for autophagy in the clearance of oxidatively damaged molecules, previous studies have also identified a role for autophagy in the upregulation of ROS levels and accumulation of oxidative damage.[@R57]^,^[@R58] However, our data demonstrated that autophagy upregulation in *casp2^−/−^* cells was responsible for the clearance of oxidatively damaged proteins and might be a compensatory response (protective) against oxidative stress and not a cause for the accumulation of oxidative stress.

Besides the identification of a role for CASP2 in the regulation of autophagy under normal conditions, the present study also detected involvement of CASP2 in the regulation of autophagy in response to a variety of stressors. Our data indicated that although the autophagy modulation and apoptosis induction by CASP2 are 2 independent functions, loss of CASP2-mediated upregulation of autophagy does play a role in promoting survival during apoptosis-inducing stress. In the present study, we utilized different stressors that mediate CASP2-dependent apoptosis: oxidative stress (mitochondrial as well as general), HS,[@R30] and microtubule disruption.[@R29] Loss of CASP2-mediated protection against oxidative stress and HS involved autophagy upregulation, whereas loss of CASP2-mediated protection (higher survival) against cytoskeletal disruption did not involve autophagy upregulation. It is interesting to note that in the case of COLC, the higher survival of the cells lacking CASP2 was not mediated by autophagy and some other survival mechanisms seems to play a role in this case. Presently, we do not know the molecular mechanism by which CASP2 regulates the stress-mediated autophagic response. It will be interesting to delineate the molecular pathways regulated by CASP2 and determine how the presence of CASP2 determines the cell's choice toward apoptosis and autophagy. It will be further useful to determine whether CASP2-mediated modulation of autophagy plays a role in modulation of cell death signals that are not dependent on CASP2. It is to be noted that in contrast to its role in downregulation of apoptosis, autophagy itself is required for cell death in certain cases and may be an upstream event to apoptosis.[@R77]^,^[@R78] Since loss of CASP2 leads to upregulation of autophagy, the possibility exists that certain stressors require autophagy as an upstream event for cell death; the loss of CASP2 may make cells more sensitive for those stressors.

Overall, the present study identifies a novel role for CASP2 in the regulation of autophagy ([Fig. 9](#F9){ref-type="fig"}). Since regulation of autophagy by CASP2 is an unexplored and yet important area, the present study raises several possibilities and critical questions that form the basis of future investigations. Currently, we do not know whether CASP2 can also regulate autophagy in tumor cells and whether this biological effect of CASP2 plays a role in tumor suppression. Also, since autophagy plays a role in senescence, it will be interesting to identify whether CASP2 may also play a role in this process. Understanding these complex processes and interrelationships that exist between autophagy and apoptosis becomes important since the interplay between these 2 processes determines whether a cell will live or die and could regulate therapeutic outcomes and disease progression.

![**Figure 9.** CASP2-mediated modulation of autophagy. Loss of CASP2 upregulates ROS that leads to upregulation of AMPK and downregulation of MTOR. CASP2 also regulates MAPK14 and MAPK1/3 that may play a role in autophagy modulation.](auto-10-1054-g9){#F9}

Material and Methods
====================

Reagents
--------

Dulbecco's modified Eagle's medium (11995), OPTIMEM (3198-070), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (15630), PBS (10010-049), 0.25% trypsin EDTA (25200-056) and penicillin/streptomycin (15140-122) were from Gibco (Invitrogen Corporation). Fetal bovine serum was procured from Thermo Scientific, HyClone (SH3091993). Rapamycin (R0395), COLC (C9754), GSH (G4251), H~2~O~2~ (H1009), NAC (A7250), Rot (R8857), trypan blue (T8154), SP600125 (S5567) and U0126 (U120) were purchased from Sigma. LY294002 (440204), PepA (516481), EST (330005), SB20580 (559398) and Pifithrin α (63208-82-2) were from Calbiochem. Alexa Fluor 488 IgG anti-rat (A-11006), Alexa Fluor 488 IgG anti-goat (A-11055), Alexa Fluor 568 IgG anti goat (A-11078), Hoechst 33258 (H-3569), hydroethidine (HE) (D-1168), 5,6-carboxy-2\',7\'-dichlorofluorescein diacetate (CM-H~2~DCFDA) (C6827) and LysoTracker Red DND-99 (L7529) were purchased from Molecular Probes/Invitrogen. Vectashield mounting medium (H-1000) was from Vector Laboratories. RIPA buffer (sc-24948), goat polyclonal LC3 (sc-16756) (for immunocytochemistry), SQSTM1/p62 (sc-25575) and HRP-labeled anti-mouse (sc-2096) or HRP-labeled anti-rabbit IgG (sc-2030) secondary antibodies, Tempol (sc-200825) and Mn-CPX-3 (sc-221951) were from Santa Cruz Biotechnology. CASP2 monoclonal antibodies (clone 11B4 for western blotting and 10C6 for immunocytochemistry) were from Alexis Biochemicals. Primary antibodies for GAPDH (2118), MTOR (2972), p-MTOR (2971), LC3 (2775) (for western blotting), ATG7 (8558), ATG5 (8540), MAPK8/9 (9258P), p-MAP8/9 (9255S), MAPK14 (9212P), p-MAPK14 (4551P), MAPK1/3 (4695P), p-MAPK1/3 (4370P), RPS6KB/p70~S6K~ (2708), p-RPS6KB/p70~S6K~ (9204), EIF4EBP1 (9644), p-EIF4EBP1 (9451), TP53 (2524) and p-TP53 (9284) were procured from Cell Signaling Technology. Primary antibodies for tubulin, α (ab6160), PRKAA/AMPKα (ab80039) and p-PRKAA/p-AMPKα (3930-1) were from Abcam. Lipofectamine^TM^ 2000 (11668) was from Invitrogen^TM^. Flag tag pcDNA3-*Casp2* (11811), Flag tag cDNA3-*Casp2* C303A (11812), the catalytically mutant form of CASP2 (submitted by Dr Guy Salvesen) and pBABE-puro mCherry-EGFP-LC3B[@R79] (22418) (submitted by Dr Eric J Brown) were from Addgene, Inc. OxyBlot™ Protein Oxidation Detection Kit (S7150) was obtained from Chemicon International. Polyacrylamide gels (4--20% gradient gel) (EC60285BOX) were from Invitrogen and PVDF membranes (162-0177) were from BioRad Laboratories. The BCA protein assay kit (23225) and WEST PICO Chemiluminescence substrate (34080) were from Thermo Scientific, Pierce. Hyperfilm-ECL films (28-9068-40) and [l]{.smallcaps}-valine-^14^C (921-10-8) were procured from Amersham (Biosciences). In case the source is not mentioned, the chemicals were purchased from Sigma. All the cell culture plastic and glassware were from Nunc (Nalgene Nunc International).

Mice
----

The *casp2*^−/−^ mice were originally generated by Dr Junying Yuan of Harvard University and kindly provided by Dr Carol Troy of Columbia University with Dr Yuan's consent.[@R80] The mice were backcrossed with C57Bl/6 for ten generations. GFP-LC3 Mice generated by Dr Noboru Mizushima[@R81] were kindly provided by RIKEN BioResource center and were crossed with WT and *casp2*^−/−^ mice. All the mice were housed in micro-isolator-topped cages and maintained in a pathogen-free environment at the AAALAC-accredited UTHSCSA animal facility following the NIH Guidelines for the Care and Use of Laboratory Animals. The university's Institutional Animal Care and Use Committee approved the protocols used in this study. Mice of all the genotypes were maintained in an animal room with controlled temperature and were exposed to a 12:12 light-dark regimen with the lights on daily from 06:00 to 18:00. Food was available ad libitum.

Culture of MEFs
---------------

MEFs were isolated from 13.5-d-old embryos of WT and *casp2*^−/−^ littermates after trypsin digestion and were cultured in Dulbecco's modified Eagle's medium supplemented with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 100 mM penicillin/streptomycin, nonessential amino acids, and 10% fetal bovine serum. *atg5^−/−^* and respective WT MEFs were kindly provided by Dr Shengkan Jin and *atg7^−/−^* and its respective WT MEFs were kindly provided by Dr Toren Finkel. Cells were cultured in a humidified incubator at 37 °C with 5% CO~2~. Following standard procedures, the MEFs (WT and *casp2*^−/−^) were cryopreserved after 1st passage. The cells were revived whenever required. To avoid variation in results due to increase in passage number, all the experiments were performed using (WT and *casp2*^−/−^) MEFs between 3rd to 7th passages.

Primary culture of astrocytes, neuron, and osteoclasts
------------------------------------------------------

Primary culture of cerebral cortical astrocytes was prepared from WT and *casp2^−/−^* young adult mice (1- to 2-mo-old). The whole brain was removed and suspended in DMEM. The cerebral cortex was cut into small cubes (0.5 to 1 mm^3^) and then incubated in media containing papain (12 mg/6 mL in DMEM) at 30 °C in a shaker for 30 min. The digested tissue was washed free of papain and triturated 12 to 15 times using a siliconized pasteur pipette. The cells were then cultured in DMEM containing 10% fetal bovine serum. Cells were allowed to grow for a week and then samples were prepared for western blotting as described below.

Primary cultures of cortical neurons were prepared as described previously.[@R26] Primary cultures of osteoclasts were prepared from WT and *casp2^−/−^* mice 4- to 6-wk of age. The mice were anesthetized with isofluorane and bones were excised. Marrow was flushed out with a 27G needle into Minimum Essential Medium Alpha Modification (Life Technologies, 12571-063). Nonadherent cells were removed after 24 h and plated with 30 ng/mL CSF1 (R&D Systems, 416-ML-050). After 3 d, osteoclast precursors were removed and replated at a density of 2 × 10^4^ cells/cm^2^ onto 35-mm culture dishes with 30 ng/mL CSF1 and 10 ng/mL TNFSF11/RANKL (R&D Systems, 462-TEC-010). Media was changed after 3 d, and on d 4 cells were lysed into cold RIPA buffer.

Cell viability measurements
---------------------------

Depending upon the hours of incubation with the stressor (by the end of the experiment the confluence reaches \~80%), the MEFs were plated in 12-well plates in 1 ml of the complete growth medium and were cultured at 37 °C for 24 h. Next, the medium was changed and stressors were added for a defined time. At the end of the incubation time, both attached and nonattached cells were collected and pooled together. Cell counting and viability was performed using a cell viability analyzer (Beckman Coulter, Inc., California, USA) based on the trypan blue exclusion method. Cell death was calculated as a percent of dead cells in the total cell population. Experiments were performed in triplicates and repeated at least 3 times obtaining similar results.

Transient transfection
----------------------

For siRNA transfection, MEFs were seeded at 0.5 × 10^6^ cells/well in a 6-well plate and allowed to attach for 24 h. Cells were then transfected in 1.5 ml OPTIMEM containing 5 µL lipofectamine^TM^ 2000, with 33 nM siRNA duplexes, following the manufacturer's protocols. After 24 h of transfection, the medium was removed and replaced with complete growth medium and samples were collected after 72 h. For each transfection Qiagen siRNA duplex with following sequences were used: *Ampkα1*: Mm_Prkaa1_1 SI01388219 CACGAGTTGA CCGGACATAA A; *Ampkα2*: Mm_Prkaa2_1 SI01388247 CAGGGAAGCC TTAAATATTT A; *Atg5*: Mm_Apg5I_1 SI00230664 ATGGTTCTAG ATTCAATAAT A; *Atg7*: Mm_Apg7I_1 SI00900515 TAGCATCATC TTTGAAGTGA A; *Casp2*: Mm_Casp2_3 SI00941717 CAGGGTCACT TGGAAGACTT A; *Mapk3*: Mm_Mapk3_1 SI01300579 CAGAACATTC CTAAGTCTCA A; *Mapk1*: Mm_Mapk1_1 SI02672117 CTGAATTGTA TAATAAATTT A; *Mapk14*: Mm_Mapk14_2 SI01300530 TCAGATAATA CCACTGGTTA A.

After completion of the experiment, the cells were scraped, washed, and pelleted and protein lysates were prepared in RIPA buffer. Protein lysates were used for western blotting as described in the later section. Each experiment was performed in triplicate and repeated at least 3 times.

DNA transfection was performed using X-treme GENE HP DNA Transfection Reagent (Roche). *casp2^−/−^* MEFs (0.5 × 10^6^ cells/well in a 6-well plate) were transfected with 2 µg of the plasmid DNA and 8 µL of the X-treme GENE reagent in OPTIMEM, following a protocol provided by the manufacturer. After 24 h of transfection, the medium was removed and replaced with complete growth medium and samples were collected after 72 h.

After completion of the experiment, the cells were scraped, washed, and pelleted and protein lysates were prepared in RIPA buffer. Protein lysates were used for western blotting as described in a later section. Each experiment was performed in triplicate and repeated at least 3 times.

Reverse transcription-PCR
-------------------------

RNA was extracted with the RNeasy kit (Qiagen, 74004). One microgram of total RNA from each sample was used as a template for cDNA synthesis with a QuantiTect reverse transcriptase kit (Qiagen, 205311). An equal volume of cDNA product was used in the PCR performed using the TopTaq Master Mix Kit (Qiagen, 200403). PCR amplification was performed using the following primers (purchased from Invitrogen): mouse *Sqstm1* gene 5′-AGCTGCCCTC AGCCCTCTA'-3 (forward) and 5′-GGCTTCTCTT CCCTCCATGTT'-3 (reverse) and *Gapdh* 5′-ATGGTGAAGG TCGGTGTGAA'-3 (forward) and 5′ TTCACACCCA TCACAAACAT\'-3 (reverse). The PCR conditions were set according to the standard protocol. The PCR products were resolved on an agarose gel containing GelRedTM nucleic acid gel stain (Biotium, 41002) and exposed using a Kodak Image Station 440CF (Eastman Kodak Company, New Haven, CT USA).

Measurement of long-lived protein degradation
---------------------------------------------

Protein degradation was determined according to a method previously reported, with a few modifications.[@R82] Briefly, MEFs (5 × 10^4^) were plated into 6-well plates. After overnight recovery, cells were labeled with 0.5 μCi/ml L-\[^14^C\]valine in complete medium for 18 h. Unincorporated radioisotopes and degraded amino acids released from short-lived proteins were removed by rinsing with phosphate-buffered saline (PBS pH 7.4; Life Technologies, 10010-023) 3 times. Cells were then chased with the culture medium containing 10% FCS and 10 mM cold valine for 4 h to get rid of short-lived proteins. After a 4 h incubation, at which time short-lived proteins were being degraded, the chase medium was replaced with fresh medium or as indicated for another 8 h. At the end of the incubation period, 1 mL of the media was collected from each well and combined with trichloroacetic acid (TCA) to reach 10% TCA concentration. The samples were then centrifuged at 12,000 × *g* for 5 min; and 400 μL of the supernatant fraction was removed to measure ^14^C readout with a scintillation counter. For the cells, these were first washed with DPBS (Life Technologies, 14040-133), then 1 mL of 10% TCA was added to each well and incubated for 5 min at RT; after fixation, the cells were washed with 10% TCA and dissolved in 0.2 M NaOH; and 400 μL of the lysate were analyzed to measure ^14^C readout (the total ^14^C readout in the medium and total ^14^C readout within the cells). Then, the ratio of released ^14^C in the medium to the total ^14^C readout was calculated; this represents the degradation percentage in a given time duration. The experiment was performed in triplicate and repeated 3 times obtaining similar results.

Fluorescence staining of lysosomes, LC3, and CASP2
--------------------------------------------------

The cells (\~2.5 × 10^4^) were plated on glass coverslips in 24-well plates. To visualize lysosomes, the cells were stained with LysoTracker Red (500 nM) for 30 min in complete medium and were washed free of dye prior to fixation. The cells were fixed by the addition of 3.7% paraformaldehyde in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl~2~, pH 7.00) for 20 min at room temperature (RT). Cells were washed and permeabilized (0.3% Triton X-100). For goat polyclonal LC3 and rat monoclonal CASP2 (10C6, Alexis Biochemicals) blocking was performed in 10% goat serum for 1 h at RT and immunolabeled with the primary antibody (1:150 dilution and overnight incubation at 4 °C). Cells were then washed with PBS and incubated for 2 h with rat or goat Alexa Fluor 488 or goat Alexa Fluor 568 IgG secondary antibody (1:1000 dilutions) at RT (depending upon the combination). For nuclear staining, Hoechst 33258 (10 µg/mL) was added along with the secondary antibody. Cells were washed with PBS and then rinsed with water. The coverslips were mounted with Vectashield mounting medium and sealed. Approximately, 150 to 200 cells per coverslip were visualized on an LSM microscope (Olympus FV1000, Olympus Imaging America Inc. NY, USA), and images were digitally captured and scored blindly. Each experiment was repeated at least 3 times with separate batches of MEF cultures. ImageJ colocalization analysis was performed to calculate the Pearson Coefficient.

Fluorescence microscopy for tissue sections
-------------------------------------------

To detect autophagy at the tissue level, tissue samples from GFP-LC3 WT and GFP-LC3 *casp2*^−/−^ mice (2 to 3 mo of age) were prepared as follows: To prevent induction of autophagy during tissue preparation, mice were anesthetized with diethyl ether and immediately fixed by perfusion through the left ventricle with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (NaH~2~PO~4~ \* H~2~O, 3.1 g and Na~2~HPO~4~ (anhydrous) 10.9 g in 1 L water, pH 7.4). Tissues were harvested and further fixed with the same fixative for at least 4 h, followed by treatment with 15% sucrose in PBS for 4 h and then with 30% sucrose solution overnight. Tissue samples were embedded in Tissue-Tek OCT compound (Sakura Finetechnical Co., 25608-930) and stored at −70 °C. The samples were sectioned at 5- to 7-μm thickness with a cryostat (CM3050 S, Leica, Deerfield, IL), air-dried for 30 min, and stored at −20 °C until use. Then the tissue samples were stained with Hoechst 33258 (10 µM) for 20 min, washed in PBS and were mounted using FluorSave reagent from Calbiochem (345789). The slides were analyzed on LSM microscope (Olympus FV1000, Olympus Imaging America Inc. NY, USA). The number of cells showing more than 8 GFP-LC3 dots in each field (for different organs) was counted in 12 to 13 visual fields from individual mice. The results were expressed as the percent of cells showing LC3 puncta per field, ± SEM. The probability of statistical differences between experimental groups was determined by the Student *t* test.

Measurement of cellular ROS production
--------------------------------------

To determine ROS production, \~0.5 × 10^6^ cells in 6-well plates were stained with 10 µM HE for superoxide production or 25 µM CM-H~2~DCFDA for peroxide production for 30 min at 37 °C in the dark. Upon oxidation by ROS, the nonfluorescent CM-H~2~DCFDA is converted to the highly fluorescent DCF (2\',7\'-dichlorofluorescein). Cells were trypsinized, washed, and resuspendend in PBS and immediately analyzed using a spectrofluorimeter (Becton-Dickinson, Mountain View, CA). Mean DCF intensity was normalized by DNA content (10 µM Hoechst 33258 counter staining) and mean HE intensity was normalized by protein concentration.

ATP determination
-----------------

For ATP measurement, a commercially available Molecular Probes^®^ ATP Determination Kit (A22066) was used that involves bioluminescence assay for quantitative determination of ATP with recombinant firefly luciferase and its substrate D-luciferin. Briefly, MEFs (WT and *casp2*^−/−^) were treated with various concentrations of stressors and then collected in 1 ml microcentrifuge tubes. After a single wash with ice-cold PBS, cells were lysed with the somatic cell ATP-releasing reagent provided by the kit. Luciferin substrate and luciferase enzyme were added and bioluminescence was assessed on a Perkin Elmer 3B spectroflurometer (Perkin-Elmer Inc., Waltham, MA, USA). Whole-cell ATP content was determined fluorescence units per milligram protein content. The cellular ATP level was converted to percentage of untreated cells (control).

Western blot analysis
---------------------

Whole cell protein extracts (protein lysates) were prepared using RIPA lysis buffer (Santa Cruz Biotechnology, sc-24948). Protein estimation was performed using the BCA kit. Equal amounts of protein from the total cell lysates (22 to 50 µg/lane) were separated by SDS-PAGE (4--20% gradient gel), and transferred to PVDF membrane using wet transfer. Depending upon the primary antibody to be used, the membranes were blocked in 5% skim milk (Cell Signaling Technology, 9999) or 5% bovine serum albumin (Cell Signaling Technology, 9998) for 1 h. The membranes were then probed overnight at 4 °C with specific primary antibodies diluted in 1% bovine serum albumin or 1% skim milk. Then, the membranes were washed and probed with the respective secondary isotype-specific antibodies tagged with horseradish peroxidase. Bound immuno-complexes were detected using WEST PICO chemiluminescence substrate and exposed to Hyperfilm-ECL. The same blots were reprobed with GAPDH or tubulin, α antibody as a loading control. Densitometry analysis for determining the band intensity was performed using ImageJ software.

Immunoblot analysis of protein carbonylation
--------------------------------------------

The assay was performed following the manufacturer's protocol using OxyBlot™ Protein Oxidation Detection Kit (Chemicon International, S7150). Briefly, equal amounts (25 µg) of the protein lysates prepared in RIPA buffer were derivatized by adding 2,4-dinitrophenyl hydrazine (DNP) reagent to the sample in lysis buffer containing 6% SDS. The reaction was allowed to continue at RT for 15 min. The derivatization reaction was stopped by adding neutralizing solution followed by vortexing. Derivatized protein samples were then loaded onto a 12% SDS-PAGE gel, and electrophoresis was performed at 80 V for 2 h. Subsequently, the proteins were transferred onto a PVDF membrane. The membrane was blocked at RT and DNP bound protein was detected by using rabbit anti-DNP (supplied with the kit) as a primary antibody (1:150 dilution, incubated for 2 h at RT). The membrane was then incubated with goat anti-rabbit HRP polyclonal antibody for 1 h at RT. Bound immuno-complexes were detected as described above. Equal loading was confirmed by reprobing the same blot with GAPDH antibody. The protein carbonyl detection and quantification was done by using ImageJ.

Data analysis
-------------

Data in graphs are reported as ± standard error of the mean (SEM) and depict the average of at least 3 independent experiments. Morphological images are representative of at least 3 independent experiments with similar results. Statistical analysis was performed by the Student paired *t* test or a 2-way analysis of variance followed by a Bonferroni post-test when appropriate (*P* ≤ 0.05 was considered significant \[\*\] and *P* ≤ 0.01 was considered highly significant \[\*\*\]).
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